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Abstract
5G innovations have been made in both the network deployment and the transceiver
architectures in order to increase coverage, energy- and spectrum-eﬃciency. Future base
stations (BSs) are expected to be densely deployed in places such as walls and lamp
posts and cover a smaller area compared to current macro BS systems. Using large spec-
trum at millimeter-wave (mmWave) frequency bands and highly directional beamforming
with large antenna arrays, 5G will bring gigabit-per-second data rate and low-latency
communications and enable many novel services such as high-speed mmWave wireless
interconnections between devices, vehicular communications, etc.. Moreover, mmWave
communication systems will be based on novel hybrid beamforming architectures which
have reduced hardware power consumption and cost. Thus, for better understanding of
5G performance and limitations, one of the main goals in this thesis is to analyze new
models that give tractable performance metrics for dense small BS networks. Another
goal in this thesis is to study mmWave hybrid beamforming schemes which enable joint
transmissions in multi-cell multi-user systems. In the thesis, we show the advantages of
small cells in increasing the coverage probability and reducing the path loss and shadow-
ing, and we show the value of cooperation in terms of power consumption and outage.
In [Paper A] we derive analytical expressions for the successful reception probability
of the equal gain combining receiver in a network where interfering transmitters are
distributed according to a Poisson point process and interfering signals are spatially
correlated. The results show that the spatial correlation reduces the successful reception
probability and the eﬀect of the spatial correlation increases with the number of antennas.
[Paper B] follows to study the performance of a partial zero forcing receiver. The results
are simulated in an environment with blockages and are analyzed under both Rayleigh
and Rician channels. The coverage probability is shown to be maximized when using
a subset of antennas' degree-of-freedom for useful signal enhancement and using the
remaining degrees of freedom for canceling the interference from strongest interferers.
Finally, in [Paper C], we propose a hybrid beamforming scheme which minimizes the
total power consumption of a multi-cell multi-user network, subject to per-user quality-
of-service constraints. The proposed scheme is based on decoupling the analog precoding
and digital precoding. The analog precoders are only dependent on the local channel
state information at each BS. Then, the digital precoders are obtained by solving a
relaxed convex optimization for given analog precoders. Simulation results show that
the proposed algorithm leads to almost the same RF transmit power as that of fully
digital precoding, while saving considerable hardware power due to the reduced number
of RF chains and digital-to-analog converters.
Keywords: millimeter wave, heterogeneous networks, beamforming, 5G.
i

List of Included Publications
The thesis is based on the following appended papers:
[A] C. Fang, B. Makki, X. Xu and T. Svensson, Equal gain combining in Poisson net-
works with spatially correlated interference signals, in IEEE Wireless Commun.
Letters, vol. 5, no. 6, pp. 628-631, Dec. 2016.
[B] C. Fang, B. Makki and T. Svensson, Coverage analysis for millimeter wave uplink
cellular networks with partial zero-forcing receivers, in International Symposium
on Modeling and Optimization in Mobile, Ad Hoc, and Wireless Networks (WiOpt) ,
Paris, 2017, pp. 1-6.
[C] C. Fang, B. Makki, J. Li and T. Svensson, Coordinated hybrid precoding for energy-
eﬃcient millimeter wave systems, in IEEE International Workshop on Signal Pro-
cessing Advances in Wireless Communications (SPAWC), Kalamata, 2018, pp. 1-5.
iii

Acknowledgements
I would ﬁrst like to thank my main supervisor Prof. Tommy Svensson for his invaluable
expertise in formulating the research topics and the opportunities I was given to collabo-
rate with and gain knowledge from good researchers globally. His advice on the direction
and management of my research life will help me greatly in furthering my research in
the future. I would like to thank my co-supervisor Dr. Behrooz Makki for his insightful
comments on the manuscripts and spending time to give me guidance.
I would like to thank Dr. Jingya Li from Ericsson and formerly our group, you are
always willing to help and I learned a lot from you during our fruitful discussions. I
would like to acknowledge Prof. Xiaodong Xu from BUPT for his valuable guidance
and support during my master study and in the beginning of my PhD study. Many
thanks to the head of our division, Prof. Erik Ström, and the head of our group, Fredrik
Brännström, for ensuring a stimulating and joyful research atmosphere.
I would also like to thank all current and former colleagues of the communication
systems group for creating a pleasant working environment. In particular, I would like
to thank my former oﬃcemates Christopher, Naga, and Srika, for providing all the useful
information and advice to a new-comer, and my current oﬃcemate Jesper, for the inter-
esting discussions and playing nice music all day in the oﬃce. Also, many thanks to the
administrative staﬀ for all their help. Special thanks to the current and former members
of the Chinese maﬁa in the group, Chenjie, Hao, Li, Wei, Wanlu, Xinlin, Xiaoming,
Yutao, Yuxuan, and Zhenhua, for the good time we have had.
My deepest thanks go to my parents and my wife Suyang for being always there for
me.
Chao Fang
Göteborg, June 2019
This work has been supported in part by the Swedish Governmental Agency for In-
novation Systems (VINNOVA) within the VINN Excellence Center Chase/ChaseOn and
the European Commission H2020 programme under grant agreement n◦ 671650 (5G PPP
mmMAGIC project).
v

Acronyms
2/3/4/5G: Second/third/fourth/ﬁfth generation
3GPP: 3rd Generation Partnership Project
BS: Base stations
CCDF: Complementary cumulative distribution function
CoMP: Coordinated multi-point
CSI: Channel state information
DAC/ADC: Digital-to-analog/Analog-to-digital converters
ITU: International Telecommunication Union
LTE: Long term evolution
LOS: Line-of-sight
MmWave: Millimeter wave
MIMO: Massive-input massive-output
NLOS: Non-line-of-sight
QoS: Quality-of-service
RF: Radio frequency
SINR: Signal-to-interference-plus-noise ratio
vii

Contents
Abstract i
List of Included Publications iii
Acknowledgements v
Acronyms vii
I Overview 1
1 Introduction 1
1.1 Background and Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Aim of Thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.3 Organization of Thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.4 Notation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
2 Poisson Networks 5
2.1 Interference Characterization . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.2 Cell Association . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.3 SINR Characterization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
3 Coordinated Multi-Point mmWave Systems 9
3.1 Downlink CoMP Categories . . . . . . . . . . . . . . . . . . . . . . . . . . 10
3.2 Joint Hybrid Precoding in Cooperative MmWave Systems . . . . . . . . . 11
3.2.1 System Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
3.3 MmWave Channel Model . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
4 Conclusions and Future Work 16
4.1 Contributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
4.2 Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
4.3 List of Related Publications . . . . . . . . . . . . . . . . . . . . . . . . . . 17
References 19
ix
II Included papers 23
A Equal Gain Combining in Poisson Networks With Spatially Correlated
Interference Signals A1
1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . A2
2 System Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . A2
3 Successful Reception Probability . . . . . . . . . . . . . . . . . . . . . . . A3
3.1 EGC with N Receive Antennas . . . . . . . . . . . . . . . . . . . . A5
3.2 Area Spectral eﬃciency . . . . . . . . . . . . . . . . . . . . . . . . A7
4 Simulation Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . A8
5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . A9
B Coverage analysis for millimeter wave uplink cellular networks with
partial zero-forcing receivers B1
1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . B2
1.1 Contributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . B2
2 System Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . B3
3 Uplink Coverage in mmWave Networks . . . . . . . . . . . . . . . . . . . . B5
3.1 Laplace Transform of the Interference Power . . . . . . . . . . . . B5
3.2 General Coverage Probability . . . . . . . . . . . . . . . . . . . . . B7
3.3 Upper Bound for the Coverage Probability . . . . . . . . . . . . . B8
4 Simulation Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . B9
5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . B11
C Coordinated Hybrid Precoding for Energy-Eﬃcient Millimeter Wave
Systems C1
1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C2
2 System Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C3
3 Joint Hybrid Precoding Problem Formulation . . . . . . . . . . . . . . . . C4
3.1 Anlog Precoder Design Using Equal Gain Transmission . . . . . . C5
3.2 Digital Precoder Design . . . . . . . . . . . . . . . . . . . . . . . . C6
4 Simulation Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C8
5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C11
Part I
Overview

Chapter 1
Introduction
1.1 Background and Motivation
Modern telecommunications evolving from second generation (2G) networks to long term
evolution (LTE) and onwards to ﬁfth generation (5G) networks have changed our lifestyle
completely. In 2G, the ﬁrst digital communication systems was implemented and many
data services that we are used to now such as SMS text messages were introduced. In
third generation (3G), the internet speed was signiﬁcantly improved and audio and video
streaming became available to mobile phone users for the ﬁrst time. Then, LTE, devel-
oped by 3GPP, further enhanced data rate and reduced the latency, enabling applications
including Voice over Internet Protocol and video conferencing. Today, due to the prolif-
eration of connected devices and the growth of Internet of Things, the demand for even
higher data rate and better energy eﬃciency drives researchers and industry to develop
5G which is expected to generate 3 times or more traﬃc than average 4G connections [1]
and achieve more than 1 gigabit per second data rate. The main features of 5G include
using high bandwidth (greater than 1 GHz) at millimeter (mmWave) frequency spectrum
and massive number of antennas for better energy eﬃciency, broader coverage and low
latency (on the order of about 1 ms) [25]. In order to formally deﬁne the 5G standard,
International Telecommunication Union (ITU) set up the IMT-2020 requirements [6] and
3GPP recently started preparing the sumbmission of technologies for IMT-2020 [7]. Also,
many measurements campaigns were conducted in indoor and urban outdoor scenarios to
provide data on various channel characteristics and help developing accurate statistical
channel models [8, 9, 15].
Due to the fact that the spectrum below 6 GHz used by current communication sys-
tems is fully occupied, 5G will utilize the mmWave spectrum in order to increase the
channel bandwidth. The main reason why mmWave spectrum was considered unsuitable
for mobile communications is the high path loss, rain and atmospheric absorption which
greatly limits the transmission range. Today, technologies such as mmWave low-cost
CMOS circuitry and high-gain miniaturized antennas have made mmWave more prac-
tical than before [4]. The small wavelength allows building high gain antenna arrays
on a small-scale chip, which will help counter the higher propagation loss associated
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with high frequency signals. The main challenge now becomes how to eﬃciently use
multiple-input-multiple-output (MIMO) techniques to create directional beamforming
maximizing the energy and spectrum eﬃciency. Since massive antenna arrays are likely
to be employed in 5G, the conventional digital beamforming architecture which requires
a complete radio-frequency (RF) chain for each antenna is considered too costly. Most
research concerning mmWave beamforming schemes have adopted alternative architec-
tures including the hybrid architecture [2, 7, 13], the switch based architecture [8] and
low-precision analog-to-digital converters (ADCs) [15] in order to reduce the cost on the
hardware. In a single cell setup, it has been shown that these alternative architectures can
achieve high data rate close to that of the fully digital architecture by exploiting the spa-
tial multiplexing gains [2, 3, 7, 8, 13]. For multi-cell and multi-user setups, the joint user
selection and coordinated multipoint (CoMP) transmissions between base stations (BSs)
are excellent techniques to achieve high spectrum eﬃciency and make the network robust
to the change of channel conditions. However, there has only been very limited research
about coordinated hybrid beamforming in multi-cell mmWave networks. In [17], the user-
beam selection problem where BSs jointly select directional beams and users in order to
maximize the users' rates is studied. Considering multiple cells and pre-associated users,
hybrid precoding methods maximizing the per-user signal-to-interference-plus-noise ratio
(SINR) are proposed in [18]. Full coordination among BSs that allows multiple streams
transmitting jointly from multiple BSs to a single user is missing in the context of hybrid
precoding for mmWave systems. Thus, hybrid beamforming for joint transmissions is
an interesting research topic as it can help determine what coordinated beamforming
strategy gives the largest performance gains in mmWave systems.
Due to the high path loss and penetration loss, mmWave signals have limited trans-
mission range. For thie reason, 5G networks will be heterogeneous and consist of BSs
with diﬀerent carrier frequencies, cell range and backhaul methods [19, 20]. The require-
ments and enhancements of small cells have been studied by standardization bodies such
as 3GPP for exiting network infrastructures [21]. The evolution of BSs for 5G systems is
still under discussion, but it is clear that 5G BSs will be equipped with hundreds of an-
tennas, which are integrated in a small-scale chip due to the small wavelength of mmWave
frequency signals, and use direction beamforming between users and BSs to achieve larger
signal power and better interference management. Also, 5G BSs will be placed closer
to the users, such as on lamp posts, walls, ect., in order to facilitate line-of-sight (LOS)
transmissions and eliminate high installation and rental costs.
The main beneﬁt of heterogeneous networks is the reduction of competition for re-
source blocks at each BS and high network throughput [2]. But the drawback is the
increase of inter-cell interference and the backhaul from small cells to the core. As the
network topology becomes irregular and opportunistic, small BSs can be deployed close
to macro BSs with overlapped coverage area and spectrum. This deployment can cause
signiﬁcant interference to small-cell users in the uplink or cell-edge macro-cell users in the
downlink. Mechanisms such as user scheduling, power control, frequency assignment and
coverage optimization are important research topics for interference management [19].
In addition, providing backhual to dense small cells can be a costly and complex prob-
lem if using wired backhual. To address this problem, integrated access and backhaul,
where mobile users and backhaul links share the same wireless channel are considered
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for 5G BSs [2224]. Another challenge for heterogeneous networks is the cell association.
As a result of various cell transmit power and the presence of blockages, the strongest
radio propagation path may not come from the nearest BS. How to associate a user to a
strong BS and balance the traﬃc load between BSs are important issues in heterogeneous
networks [25]. Furthermore, for moving users, handovers involving small BSs presents
some unique challenges. Because the small BSs are massively deployed, the amount of
handovers increases and neighboring BSs may not be updated properly. Therefore, it is
crucial to develop low-delay handover strategies between diﬀerent tiers.
1.2 Aim of Thesis
The aim of the thesis is to provide analytical tools to assess the performance of het-
erogeneous and mmWave networks. We derive analytical expressions for the coverage
probability of heterogeneous networks and propose cooperative hybrid precoding meth-
ods in cooperative mmWave networks. The analysis of the eﬀect of various network
parameters, such as the number of antennas and network density, on the received signal
quality provides useful insights into the network design. From simulation results, we
conclude that the analytical expressions can provide accurate coverage probability with
reduced computation complexity compared to Monte Carlo based link-level simulations.
Moreover, we show that cooperative mmWave networks with hybrid precoding can largely
reduce the power consumption while satisfying the per-user minimum rate constraints.
In paper A, we focus on the distribution of SINR, which is the fundamental metric to
characterize the coverage probability, for a receiver based on equal-gain combining. We
show the eﬀect of interference correlation on the SINR distribution due to the spatial
locations of the interfering transmitters. In paper B, we analyze the coverage probability
of the partial-zero-forcing receiver for a mmWave network. Considering the blocking ef-
fect, we give insights on the optimal scheme between interference management and useful
signal enhancement which maximizes the coverage probability. In paper C, we present a
joint hybrid precoding scheme minimizing the total power consumption in a cooperative
mmWave system subject to per-user spectral eﬃciency constraints. We deﬁne a realistic
power consumption model which takes the hardware components used in the architec-
tures and the BSs' activation modes into consideration. The power consumptions are
studied under diﬀerent cooperative network sizes as well as diﬀerent blocking conditions
to provide the value of joint precoding in multi-cell mmWave networks.
1.3 Organization of Thesis
The thesis is organized as follows. We introduce the modeling of dense networks and
characterize the interference and SINR distributions in Chapter 2. In Chapter 3, we
explain the settings of a cooperative mmWave system. Finally, Chapter 4 summarizes
our contributions in the appended papers.
4 Introduction
1.4 Notation
This section shows the notation used in Part I of the thesis. We use bold lower-case
letters like d for vectors and upper-case bold letters like R for matrices. Then, RT , RH ,
R(i,j) and ||R||F denote the transpose, the Hermitian, the (i, j)-th entry of R and the
Frobenius norm of R, respectively. Cn represents the set of n-tuples of complex numbers
represented as column vectors and Cm×n denotes the set of complex m× n matrices.
Chapter 2
Poisson Networks
In this chapter, we concentrate on networks where the transmitters are distributed based
on a Poisson point process (PPP). The PPP is used in most of the analytical work on
unstructured dense network characterization and allows for increased tractability on key
performance metrics.
2.1 Interference Characterization
Due to the scarcity of the spectrum in current cellular systems and the roll-out of small
cells, inevitably, the received signal is subject to additive noise and undesired signals
from other interfering transmitters. Although inter-cell interference can be managed
through frequency reuse or coordinated multi-cell transmissions, it is limited by the cell
size and is generally impossible to achieve per-link level interference elimination in dense
networks [26], e.g., sensor networks, cognitive networks and heterogeneous networks. The
path loss law states that the signal power scales with distance, therefore the interference
power will be more severe in dense networks, which makes studying the statistics of
interference power critical.
Consider a receiver y and a set of transmitters, X = {xi}Ni=1 that are distributed in a
2-dimensional plane. At a given time instant, a set of active transmitters, Φ ⊆ X , causes
interference to y. For single antenna systems, the interference power at y is given by
I =
∑
xi∈φ
Pxi |hxi |2` (||xi − y||) , (2.1)
where Pxi denotes the transmit power of transmitter xi, |hxi |2 the fast fading power in
the xi-y link, `(·) the path loss function and ||xi − y|| the distance between xi and y.
In (2.1), the randomness comes from the fast fading and the geometry of the interfering
transmitters. Since the signal power is largely aﬀected by the path loss, depending on
the distance between the transmitters and the receivers, the distribution of the transmit-
ters determines the strength of the interference power. The interference power is often
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characterized by its Laplace transform
LI(s) = E [exp(−sI)] . (2.2)
For deterministic networks, where the locations of transmitters are at the centers of
lattices, the Laplace transform can be found in closed form as in [27]. For unstructured
and dense networks, the transmitters locations are well modeled by a PPP [2628], which
assumes the transmitters are randomly placed with a uniform distribution in the plane.
Denote the intensity of interfering transmitters by λ. Then, using tools from stochastic
geometry, the Laplace transform of the interference power is given by [27, Eq. (3.20)]
LI(s) = exp
(
−λpiE[|h|4/α]Γ(1− 2/α)s2/α
)
, (2.3)
where we have assumed unit transmit power and the path loss law `(r) = r−α with α
denoting the path loss exponent. The Laplace transform (2.3) has a closed-form expres-
sion in the case of Rayleigh fading, E
[|h|4/α] = Γ(1 + 2/α). As shown in the following,
knowing the Laplace transform of the interference power helps to derive the distribution
of the SINR.
2.2 Cell Association
Cell association strategies seek the serving BS for a user based on SINR related met-
rics. The decisions are usually made based on link quality, traﬃc load requirements and
location information. In heterogeneous networks, by ooading users to nearby small
BSs while actively controlling the resource block of the macro BS to be blank, users can
have a much larger SINR from small BSs [29]. Due to the diﬀerence in coverage area,
transmit power, antenna sizes and antenna gains between macro and small BSs, decou-
pling the uplink and downlink allows users to ﬁnd the best interference environment for
the two links independently. By giving diﬀerent association biases to uplink and down-
link BSs, it has been shown that the joint uplink-downlink coverage probability can be
maximized [30]. However, decoupled schemes make the channel of both directions not
reciprocal due to diﬀerent locations and hardware of the uplink and downlink BSs, thus
requiring additional channel training in time-division-duplex systems. Another challenge
for decoupled schemes is how to allow a fast exchange of control information between
uplink and downlink BSs. In mmWave systems, it may be beneﬁcial to associate a user
to a mmWave small cell in the downlink for the high data rate, while sending uplink
signals to a sub-6GHz macro cell for robust link quality.
The simplest cell association strategy associates a user to the nearest BS. If the
path loss model is given by `(r) = r−α, the nearest BS association gives the maximum
signal power averaged over fading. Figure 2.1 shows the coverage area of a heterogeneous
network with large cells and small cells. Based on the nearest BS association, the coverage
area forms a Voronoi tessellation where the boundaries have equal average received power
from the nearest BSs. In order to achieve better load balance between macro and small
BSs, a bias factor can be added to the average received power model given by BiPir−αi ,
where Bi represents the bias towards associating to i-th tier BSs. Thus, by associating
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Figure 2.1: A realization of a heterogeneous network consisting of macro BSs and
small BSs. The blue squares and red triangles denote the macro and
small BSs with descending transmit powers, respectively.
users to the BS with the maximum biased received power averaged over fading, small
BSs' coverage area can be expanded through increasing the bias factor, thus ooading to
small BSs. However, if we include the blocking eﬀect, the nearest BS does not necessarily
provide the highest signal strength and serving a user by a BS with line-of-sight (LOS)
connection may lead to better system performance.
2.3 SINR Characterization
The SINR for a receiver at the origin of a 2-dimensional plane with single antenna on
both the transmitter and the receiver sides is given by
SINR =
`(r0)|h0|2∑
k∈Φ,k 6=0 `(rk)|hk|2 + σ2
, (2.4)
where r0 denotes the distance to the associating BS, Φ is the set of interfering BSs which
are assumed to be distributed according to a PPP with intensity λ and rk represents the
distance to the k-th interfering BS. Also, |h0|2, |hk|2 are the fast fading scaling factor for
the useful signal link and the k-th interfering link, respectively, and σ2 is the additive
noise power. Assuming the nearest BS association strategy, the path loss model `(r0) =
r−α0 and |h0|2 ∼ Exp(1/µ) where µ denotes the constant transmit power, closed-form
expression of the SINR complementary cumulative distribution function (CCDF), which
is the probability of coverage for a given SINR threshold T , is obtained as [26, Eq. (2)]
P (SINR > T ) =
∫
r>0
exp
(−λpir2 − µTrασ2)LI (µTrα) 2piλrdr. (2.5)
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Signiﬁcant simpliﬁcation of (2.5) can be made if the interference power also follows
the exponential distribution and the system is interference-limited, and the simpliﬁed
expression is given by [26, Eq.(11)]
P (SINR > T ) =
1
1 + T 2/α
∫∞
T−2/α
1
1+uα/2
du
. (2.6)
Hence, for Poisson networks, we see that tractable expressions for the SINR distribution
can be derived and does not require Monte Carlo simulations.
For multi-antenna systems, the post processing SINR after the receiver combining
becomes more diﬃcult to characterize. In paper A, we focus on the equal gain combiner
with N receive antennas which co-phases the useful signals before combining and, con-
sequently, the output signal beneﬁts from the diversity gain. After combining, the SINR
is given by
SINR =
P0
(∑N
i=1 |hi|
)2
`(r0)∑N
i=1
∑
xi∈Φi Pxi`(rxi)|hi,x|2 + σ2
, (2.7)
where Φi denotes the set of interfering transmitters picked up by the i-th antenna and
P0, Pxi are the transmit power of the associated BS and the interfering BSs, respectively.
In (2.7), it is assumed that each antenna receives interference from a fraction of the total
interfering transmitters Φi ⊆ Φ. Despite of the independent fast fading, the interfering
signals received on diﬀerent antennas are correlated due to the fact that the spatial
locations of some transmitters appear in diﬀerent sets Φi. As we shall see in Paper A,
the spatial correlation causes loss in the diversity gain. Note that the fading scaling factor
after combining
(∑N
i=1 |hi|
)2
no longer has a simple distribution form, hence, in Paper
A, we give a tight approximation of the SINR distribution for any number of receive
antennas [Paper A, Eq.(17)] and the exact expression for the case of two antennas [Paper
A, Eq.(2)]. In Paper B, we study the partial-zero-forcing receiver which cancels some
of the strongest interference signals and uses the remaining degrees of freedom of the
antennas for useful signal enhancement. The received SINR for the partial-zero-forcing
receiver is given by
SINR =
P0|vH0 h0|2`(r0)∑∞
k=K+1 Pk`(rk)|vH0 hk|2 + σ2
, (2.8)
where v0,vk denote the combining weights at the receiver for the associating BS and the
interfering BSs, respectively. Here, the interfering transmitters are sorted in a descending
order in terms of the average received power. The partial-zero-forcing eliminates the K
strongest interferers while maximizing the useful signal power. The SINR distribution
for the partial-zero-forcing receiver is given by [Paper B, Eq.(16)].
Chapter 3
Coordinated Multi-Point
mmWave Systems
The paradigm shift to heterogeneous networks is a clear sign that CoMP transmissions
will play an important role in 5G cellular systems. Due to the large quantity of devices
and BSs, strong inter-cell and intra-cell interference are the main performance limiting
factors in downlink transmissions. Therefore, CoMP transmissions which coordinate
the interference and the transmit signal power in multiple geographically separated BSs
is required to achieve satisfying performance for all users in the network. In LTE, the
intra-BS CoMP scenarios with ideal backhaul are deﬁned in 3GPP release 11 [31] and the
extension to inter-BS CoMP scenarios with non-ideal backhaul are deﬁned in Release 12
[32]. Permitting cooperation among BSs and users achieves better resource utilization by
transmitting data from BSs with low load, and joint reception from multiple BSs enhances
the overall SINR and reduces the number of dropped connections. Therefore, there has
been extensive research about jointly designing beamforming methods in coordinated
MIMO systems to optimize the system spectrum and energy eﬃciency [9, 33, 35].
For mmWave networks, the CoMP design is more challenging. Due to the implemen-
tation of the hybrid architecture where each antenna is connected through phase shifters
to a small number of RF chains, both analog and digital precoders need to be jointly
designed. There are additional constraints on the hybrid architecture since the analog
precoders are implemented by the phase shifters, compared to the fully digital architec-
ture where only digital precoders are considered. Early work on the topic of joint hybrid
beamforming design in mmWave systems are based on predeﬁned beam patterns [17, 36].
The performance can be improved by calculating both the analog and digital precoders
according to some performance metrics, which allows the beams to point at every direc-
tion.
In this chapter, we introduce the categories of CoMP transmission schemes in mmWave
cellular systems. In particular, we present the modeling of a joint hybrid beamforming
method in the multi-user and multi-BS setup. The hybrid beamforming scheme opti-
mizes the power consumption of a heterogeneous network and yields the user association
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that satisﬁes the rate requirement, which is the main contribution in Paper C.
3.1 Downlink CoMP Categories
For downlink multi-cell cooperation, it is often required that the BSs are mutually con-
nected or connected to a central processing node, therefore channel information can be
gathered from all BSs to make joint decisions on transmitting parameters such as user
scheduling, beamforming precoders, transmit power, ect.. Based on the availability of
the transmit data at the cooperating BSs and the type of BSs, CoMP communications
can be categorized into the following categories [31, 37, 38]:
• Coordinated scheduling/beamforming : Each user is served by only one BS and
transmit data corresponding to a given user is not required to be available for
other BSs. The decisions on the user scheduling/beamforming are made according
to the channel state information (CSI) of both direct and interfering links such that
the system quality-of-service (QoS) is satisﬁed.
• Joint processing : Each user is allowed to be served by more than one BS, the joint
processing is a more powerful tool which allows for simultaneous data transmission
from multiple BSs to a single user, such that the received signal quality is improved.
In this case, the transmit data for that user should be available at multiple BSs and
multiple data streams transmitted from diﬀerent BSs are combined coherently or
non-coherently at the user side [39]. The joint processing using antennas belonging
to diﬀerent BSs is similar to the transmission in a MIMO channel, hence this
scheme is also called network MIMO. Another type of joint processing, dynamic
point selection, restricts the data to be transmitted from one BS in a time-frequency
resource, but the transmitting BS is dynamically selected within the cooperating
BSs in each subframe, and the data should also be available to multiple BSs.
• Relay-assisted cooperation : In contrast to cooperation among BSs, the relay-assisted
cooperation adds dedicated relay nodes inside a cell and does not need connections
to other BSs. The transmit data are ﬁrstly received and processed at a relay node
before forwarding to the user. The simplest cooperation is the amplify-and-forward
type which, however, ampliﬁes both the useful signal power and the interference
plus noise power. More advanced relay nodes decode and further process the data,
such as data concatenation/segmentation, before encoding and forwarding to the
user. This type of cooperation allows more control functions at the relay node and
does not amplify the interference and the noise.
The theoretical studies of CoMP aim at optimizing the beamforming gains and the
user association such that the users' QoS is improved. CoMP schemes not only can
schedule the inter- and intra-cell interference but can also exploit the interference channel
by transmitting users' data over it. However, the performance gain of CoMP schemes
largely depends on the level of synchronization among the nodes, CSI feedback and the
backhauling quality. Generally, the CSI feedback of a user from multiple points is needed
for CoMP transmissions. Additional information such as phase synchronization for joint
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processing with coherent combining is needed for higher level cooperation. Backhaul
quality is also important for having the transmit data available at multiple BSs and
the exchange of CSI among BSs. Especially for mmWave small cell networks where
high-capacity wireless backhaul between small BSs to macro BSs is expected, both the
user data transmission and data backhaul are subject to the wireless channel quality.
Hence, the overhead in support of CoMP and the accuracy of the feedback are the
main implementation issues of CoMP schemes. Practical CoMP performance assessment
should consider imperfect CSI, synchronization, and network latency.
3.2 Joint Hybrid Precoding in Cooperative MmWave
Systems
5G systems with mmWave small cells will enable CoMP with multi-layer connectivity
resulting in much higher data rates compared to current networks. One of the main dif-
ferences between CoMP in mmWave and sub-6G Hz communications is the beamforming
architecture. Equipped with massive antenna arrays, mmWave BSs will choose the hy-
brid beamforming architecture with reduced number of RF chains to minimize the cost,
thus both the analog and digital beamforming need to be jointly designed. Optimal hy-
brid beamforming design for capacity maximization involves non-convex problems [2, 3],
algorithm development for CoMP mmWave communications is required to reduce the
complexity of joint beamforming and improve the optimality of currently proposed hy-
brid beamforming schemes. In addition, CoMP schemes need to exploit mmWave chan-
nels' poor penetration to reduce the interference power, but still ensure close to LOS
transmissions to the intended users.
In this subsection, we present the system model of a multi-tier cooperative mmWave
network where joint processing is possible. Because one of the key features of 5G is
the systems' sustainability, joint hybrid precoding schemes are proposed in Paper C to
minimize the total power consumption of the network while satisfying a per-user rate
constraint.
3.2.1 System Model
We consider the downlink cooperation in a multi-tier mmWave network consisting of
M multi-antenna BSs and K single-antenna users. BSs in diﬀerent tiers have diﬀerent
numbers of antennas, RF chains and maximum RF transmit power. We denote the
number of RF chains and the number of antennas at BS m by Lm and Nm, respectively.
The precoder at BS m for user k is denoted by wk,m = Rmdk,m, where dk,m ∈ CLm is the
digital precoder and Rm ∈
{
Rm ∈ CNm×Lm
∣∣ ∣∣∣R(i,j)m ∣∣∣ = 1√NmLm} is the analog precoder.
The analog precoder has an equal magnitude constraint as it is implemented by phase
shifters. For the joint processing, a user can receive multiple streams from diﬀerent BSs
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Figure 3.1: The hybrid beamforming architecture.
concurrently, the composite received signal at UE k is given by
yk =
M∑
m=1
hk,mRmdk,mxk,m +
M∑
m=1
K∑
k′ 6=k,k′=1
hk,mRmdk′,mxk′,m + nk, (3.1)
where hk,m ∈ CNm is the channel vector between user k and BS m, xk,m is the data
symbol with E[xk,mxHk,m] = 1, the second term is the inter-user interference and nk ∼
CN (0, σ2k) is the AWGN noise. Note that if BS m is not associated with UE k in the
joint transmission, it must satisfy Rmdk,m = 0.
We assume that the data symbols are mutually independent and the user applies
successive interference cancellation to sequentially decode the strongest signal and sub-
tract it from the composite signal. Assuming Gaussian signaling, the achievable spectral
eﬃciency of UE y is given by
ηk = log2
(
1 +
∑M
m=1 |hHk,mRmdk,m|2
Ik + σ2k
)
, (3.2)
where
Ik =
M∑
m=1
K∑
k′ 6=k,k′=1
dHk′,mR
H
mhk,mh
H
k,mRmdk′,m (3.3)
is the interference power.
The main diﬀerence between the hybrid and the fully-digital beamforming architec-
tures is the hardware and its associated power consumption. To compare the power
consumption of the two architectures, we focus on the number of DACs, RF chains and
phase shifters needed for each architecture, since they are the most power-consuming
components [8]. As shown in Figure 3.1, the hybrid beamforming architecture requires
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Lm additional PSs per antenna but (Nm −Lm) less digital-to-analog converters (DACs)
and RF chains compared to the fully-digital beamforming architecture. Hence, the total
power consumption of the hybrid beamforming architecture at a BS can be modeled by
PHBm = ∆m
K∑
k=1
||Rmdk,m||2 + LmNmPps + Lm (PDAC + PRF) + Pfix,m, (3.4)
and the total power consumption of the fully-digital beamforming architecture is given
by
PFDm = ∆m
K∑
k=1
||Rmdk,m||2 +Nm (PDAC + PRF) + Pfix,m. (3.5)
In (3.4) and (3.5), ∆m
∑K
k=1 ||Rmdk,m||2 is the power consumption at the ampliﬁer and
∆m models the power ampliﬁer ineﬃciency. Then, Pps, PDAC and PRF denote the power
consumption of the phase shifters, DACs and RF chains, respectively. Furthermore,
Pfix,m denotes the power dissipated at various other places, such as the power supply,
cooling and backhaul maintenance.
Another mechanism which can greatly increase the power saving is to coordinate BSs'
sleep and active mode such that the BS should be operational only when there is data to
transmit. Depending on the latency requirement on the deactivation and reactivation,
some hardware components need to remain active during the sleep mode. Considering
the BS active/sleep mode, the power consumption is modeled by
Pm =
{
P
HB/FD
m , active mode
aP
HB/FD
m , a ∈ [0, 1] , sleep mode.
(3.6)
Note that in sleep mode, BSs do not serve the users, hence ∆m
∑K
k=1 ||Rmdk,m||2 = 0.
To fulﬁll the target of designing energy-eﬃcient 5G systems, we jointly design the
hybrid precoders to minimize the total power consumption of all BSs while guaranteeing
the QoS for each user. The joint processing problem is summarized as
P : minRmdk,m
M∑
m=1
bmPm (3.7)
s.t. ηk ≥ τk, ∀k (3.8)
K∑
k=1
||Rmdk,m||2 ≤ Pmax,m, ∀m (3.9)∣∣∣R(i,j)m ∣∣∣ = 1√NmLm , ∀m, i, j. (3.10)
where bm is the weighting parameter for balancing the load of BSs, τk is the minimum
acceptable spectral eﬃciency for user k and can be used to ensure fairness among users,
and Pmax,m is the peak power limit of BS m. The solution to problem P gives the
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analog precoder for each BS and the digital precoder for each BS-user pair. It also
reﬂects the UE association strategy, as the set of associated UEs of BS m is given by
Km = {k|0 ≤ k ≤ K, ||Rmdk,m||2 > 0} and the set of serving BSs of UE k is given by
Mk = {m|0 < m ≤M, ||Rmdk,m||2 > 0}.
The optimal solution to Problem P is not tractable due to the non-convex analog
precoder constraint (10). Hence, suboptimal hybrid precoding methods [24, 7, 8, 13]
are often based on disjoint analog and digital precoders design. In paper C, we decouple
Problem P into an equal gain transmission problem, where analog precoders are found
based on maximizing the useful signal power and a relaxed convex semi-deﬁnite prob-
lem which gives the digital precoders that solve Problem P conditioned on the analog
precoders. The power consumption is compared to that of the fully-digital beamforming
architecture for which precoders are obtained by setting Lm = Nm and removing the
analog constraint (10) in Problem P.
3.3 MmWave Channel Model
Measurements of mmWave channels have shown that many parameter statistics are dif-
ferent from sub-6 GHz signals. For example, the penetration loss of mmWave signals can
be as high as 40 dB for a tinted glass in 28 GHz, and the diﬀuse scattering from rough
surfaces causes large channel variations over short distance [41]. Also, the mmWave sig-
nal power can change dramatically from LOS to non-line-of-sight (NLOS) and human
blockage can cause more than 40 dB fading [41]. Understanding the mmWave channel
characteristics will help researchers to design proper channel modeling, link adapta-
tion and beamforming algorithms for performance enhancement. In this subsection, we
present mmWave channel modeling that are commonly used for simulations.
Due to the fact that the angular spread is smaller in mmWave channels compared
to lower frequency channels, there may be few dominant multi-path clusters with many
subpaths of similar power, delay and angles, the mmWave channel can be modeled by
the Saleh-Valenzuela model, where we denote the channel vector between BS m and user
k by
hk,m =
√
lk,mNm
NclNray
Ncl∑
i=1
Nray∑
l=1
βi,lam(αi,l). (3.11)
Here, lk,m denotes the path loss, Ncl is the number of scattering clusters and Nray repre-
sents the number of multipaths within a cluster. Also, βi,l ∼ CN (0, 1) is the amplitude of
the l-th path in the i-th cluster and am(αi,l) denotes the antenna array response vector
evaluated at the angle of departure αi,l. Depending on the antenna geometry, various
array response vectors have been proposed. For simplicity, we adopt the linear array
antennas whose response vector given by
am(αi,l) =
1√
Nm
[
1, ejkd sin(αi,l), ..., ejkd(Nm−1) sin(αi,l)
]T
, (3.12)
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where k = 2pi/λ, λ is the wavelength, d = λ/2 is the antenna spacing and αi,l is assumed
to follow a truncated Laplace distribution with mean cluster angle α¯i ∼ U(αminv , αmaxv )
and angular spread σαi .
There are numerous large-scale path loss models proposed for mmWave communica-
tions. In general, the parameters of the path loss models vary according to the scenarios
and the frequency. For mmWave communications, the path loss model should diﬀeren-
tiate between LOS and NLOS paths, as the signal power can be signiﬁcantly diﬀerent.
Here, we present a collection of well adopted path loss models.
• Path loss model with blocking [14]: In order to show the diﬀerence between LOS
and NLOS signal power, the path loss can be modeled as
lk,m = I(pLOS(dk,m))CLd−αLk,m + (1− I(pNLOS(dk,m)))CNd−αNk,m . (3.13)
Here, I(pL(r)) is a Bernoulli random variable with LOS probability pL(r), αL, αN
and CL, CN denote the path loss exponents and path loss at a reference distance for
LOS and NLOS links, respectively. In [14], the LOS probability function is given by
pLOS(dk,m) = e
−βdk,m where β is used to ﬁt the model with diﬀerent environments.
The 3GPP LOS probability models are given by piece-wise functions [43]. The
LOS probability is 1 if the distance is smaller than a threshold, otherwise it decays
exponentially with distance.
• Multi-slope path loss model [44]: Standard Friis path loss model with one path loss
exponent lead to unrealistic results in many scenarios, the multi-slope path loss
model changes the path loss exponent according to the distance by
lk,m = Knd
−αn
k,m . (3.14)
Here, dk,m is the distance between user k and BS m, Kn =
∏n
i=1R
αi−αi−1
i and Ri
is a critical distance beyond which the path loss exponent changes.
• 3GPP-based path loss model [43]: This path loss model is deﬁned separately for
LOS and NLOS paths and is based on ﬁeld measurements. For example, the LOS
model of urban micro-cells is given by
lLOSk,m =
{
PL1, 10m ≤ dk,m ≤ d
PL2, d ≤ dk,m ≤ dmax
(3.15)
where
PLi = Ai +Bi log10 (dk,m) + 20 log10(fc) + Ci, i = {1, 2}. (3.16)
Here, d, dmax, Ai, Bi, Ci are cell speciﬁc parameters and fc is the carrier frequency.
• Probabilistic path loss model [15]: In order to generalize the path loss model to
average the LOS and NLOS conditions, a weighting parameter, which is a function
of the LOS probability, can be given to the two path loss models and we have
lk,m = pLOS(dk,m)PLLOS + (1− pLOS(dk,m)) PLNLOS. (3.17)
Here, the LOS/NLOS path loss models and LOS probability may be chosen ac-
cording to the preciously mentioned models.
Chapter 4
Conclusions and Future Work
4.1 Contributions
This thesis analyzes the coverage performance of unstructured dense networks and the
joint hybrid beamforming scheme for cooperative mmWave networks. The list of the
papers and a summary of the contributions are given as follows.
1. Paper A: Equal Gain Combining in Poisson Networks with Spatially
Correlated Interference Signals
We study the successful reception probability and the area spectral eﬃciency (ASE)
of equal gain receivers in a network where transmitters are distributed according
to a PPP. Considering spatially correlated interference signals, we derive exact
analytical expression of the successful reception probability for two receive antennas
and tight approximations for more than two receive antennas. Also, we give an
approximation for the optimal transmitter density maximizing the ASE. The results
show that the fully-correlated case where interference on diﬀerent antennas are from
the same set of transmitters gives pessimistic successful reception probability, while
the uncorrelated case is optimistic.
2. Paper B: Coverage Analysis for Millimeter Wave Uplink Cellular Net-
works with Partial Zero-Forcing Receivers
This paper considers interference management and useful signal enhancement in
the uplink transmission of small-cell mmWave networks. Taking blockages into
account, we analyze the coverage performance of the partial-zero-forcing (PZF)
receiver which utilizes a number of antennas to cancel out the strongest uplink
interferers and uses the rest of the antennas for boosting the useful signal. Using
stochastic geometry, we derive analytical expressions for the coverage probability
of the PZF receiver under a LOS probability function based path loss model. For a
broad range of parameter settings, the maximum coverage probability is achieved
by using most antennas for array gain and only canceling a few strongest interferers.
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3. Paper C: Coordinated Hybrid Precoding for Energy-eﬃcient Millimeter
Wave Systems
The previous papers focus on the system performance analysis of multi-receive an-
tenna techniques. In this paper, we develop a joint downlink beamforming scheme
of cooperative BSs with multiple transmit antennas. By allowing joint transmis-
sions from multiple BSs, we jointly optimize over the hybrid precoders and the BSs
sleep/active modes such that the total power consumption is minimized with per-
user quality-of-service constraints. We present a decoupled hybrid beamforming
scheme where the analog precoders are designed based on the equal gain transmis-
sion method and the digital precoders are found by solving a convex semideﬁnite
problem. We deﬁne fairly realistic models for the hardware power consumption
and the channel blocking probabilities to compare the performance of our scheme
with the fully-digital precoding scheme and to assess the value of BS cooperation.
The results show that our proposed method results in almost the same RF trans-
mit power as the fully-digital precoding scheme while saving considerable hardware
power due to the reduced number of RF chains and digital-to-analog converters.
Moreover, the network densiﬁcation is shown to further reduce the total power con-
sumption through the optimized cooperative BS active/sleeping mode selection.
4.2 Future Work
In this thesis, we have investigated the SINR distribution and the joint transmission
schemes in mmWave networks. The results of the SINR distribution can be extended in
many ways, including more realistic heterogeneous topologies and other MIMO transmis-
sion and reception techniques. Our baseline model for the joint transmission is based on
a fully-connected hybrid beamforming architecture and perfect CSI. To further reduce
the power consumption and the hardware complexity, partially-connected architectures
where each RF chain is connected to a subset of the antennas and hybrid architectures
with low-resolution ADCs are promising areas to investigate. Another direction is to
consider more realistic constraints. Given the importance of CSI, errors in the estimates
of the angles of departure or arrival may signiﬁcantly aﬀect the narrow beams' direction
in mmWave communications, it is interesting to study the eﬀect of limited angular infor-
mation to other BSs on the system performance. Also, since each RF chain can not be
allocated with arbitrary power, the per-RF chain power constraint can be interesting to
included in the CoMP design problem. Since mmWave BSs are expected to be densely de-
ployed, wireless backhaul is a promising technology for practical deployment of mmWave
BSs. Small BSs with wireless backhaul to macro BSs results in a multi-hop network, the
study of the overall throughput and the energy eﬃciency considering both access links
and backhaul links can provide valuable guidelines for developing 5G networks.
4.3 List of Related Publications
The related contributions, which are not included in this thesis, are listed below.
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